A presynaptic voltage control method has been used to investigate the modulatory effects of serotonin (5-HT) and okadaic acid (OA) on the inhibitory junction of the crayfish opener muscle. Instead of using action potentials, we used 20 msec pulses depolarized to 0 mV to activate transmitter release. This approach allowed us to monitor two separate physiological parameters related to the release process. The first parameter, transmitter release kinetics, is characterized as the delay when inhibitory postsynaptic conductance reaches its half-maximum (IPSG 50 ). The second parameter, the total area of IPSG (IPS-G area ), estimates total transmitter output. We have reported previously that the F2 component of synaptic facilitation is associated with a decrease in IPSG 50 but without a change in IPSG area . These results raised the possibility that IPSG 50 and IPSG area could be mediated by separate mechanisms that were modulated independently. To explore this possibility, we investigated the effects of 5-HT (100-200 nM) and OA (2.5 M) on the two parameters. 5-HT and OA enhanced IPSG neither by changing the sensitivity of postsynaptic receptors, as tested by iontophoretically ejected GABA, nor by elevating resting and action potential-activated presynaptic free calcium, as monitored by fura-2 imaging. 5-HT and OA decreased IPSG 50 by 3.0 Ϯ 1.4 and 3.6 Ϯ 1.1 msec, respectively, and increased IPSG area by 50 Ϯ 21 and 37 Ϯ 6%, respectively. The ability of F2 facilitation to accelerate release kinetics was reduced in the presence of the modulators, suggesting that the mechanism underlying the accelerated release kinetics was shared by the two modes of synaptic enhancement. This report demonstrates that the acceleration in release kinetics and the increase in total release are two separate mechanisms for enhancing transmitter output and that these two mechanisms can be activated without changes in presynaptic calcium dynamics.
A presynaptic voltage control method has been used to investigate the modulatory effects of serotonin (5-HT) and okadaic acid (OA) on the inhibitory junction of the crayfish opener muscle. Instead of using action potentials, we used 20 msec pulses depolarized to 0 mV to activate transmitter release. This approach allowed us to monitor two separate physiological parameters related to the release process. The first parameter, transmitter release kinetics, is characterized as the delay when inhibitory postsynaptic conductance reaches its half-maximum (IPSG 50 ). The second parameter, the total area of IPSG (IPS-G area ), estimates total transmitter output. We have reported previously that the F2 component of synaptic facilitation is associated with a decrease in IPSG 50 but without a change in IPSG area . These results raised the possibility that IPSG 50 and IPSG area could be mediated by separate mechanisms that were modulated independently. To explore this possibility, we investigated the effects of 5-HT (100-200 nM) and OA (2.5 M) on the two parameters. 5-HT and OA enhanced IPSG neither by changing the sensitivity of postsynaptic receptors, as tested by iontophoretically ejected GABA, nor by elevating resting and action potential-activated presynaptic free calcium, as monitored by fura-2 imaging. 5-HT and OA decreased IPSG 50 by 3.0 Ϯ 1.4 and 3.6 Ϯ 1.1 msec, respectively, and increased IPSG area by 50 Ϯ 21 and 37 Ϯ 6%, respectively. The ability of F2 facilitation to accelerate release kinetics was reduced in the presence of the modulators, suggesting that the mechanism underlying the accelerated release kinetics was shared by the two modes of synaptic enhancement. This report demonstrates that the acceleration in release kinetics and the increase in total release are two separate mechanisms for enhancing transmitter output and that these two mechanisms can be activated without changes in presynaptic calcium dynamics.
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The strength of synaptic transmission can be regulated by either activity-dependent or modulator-mediated processes. Activitydependent synaptic enhancement includes both short-and longterm synaptic enhancement. Four distinct components of shortterm synaptic enhancement have been identified, F1 and F2 components of facilitation, augmentation, and post-tetanic potentiation (Magleby, 1987) . Although it generally is agreed that an increase in intracellular free C a concentration ( [C a 2ϩ ] i ) is the main driving element for short-term synaptic enhancement, specific molecular processes that are activated by an increase in [Ca 2ϩ ] i have not yet been identified (Zucker, 1996) . Modulatormediated processes represent a more diverse collection of processes. Modulators have been shown to increase transmitter release by regulating presynaptic calcium influx (McGehee et al., 1995; Byrne and Kandel, 1996; Dittman and Regehr, 1996; Huang et al., 1996) or by directly modulating the release machinery (Atwood et al., 1989; Man-Son-Hing et al., 1989; Dale and Kandel, 1990; Malgaroli and Tsien, 1992; Scanziani et al., 1992; Scholz and Miller, 1992; K lein, 1994; Dittman and Regehr, 1996; Trudeau et al., 1996) . The fact that there are so many examples showing direct modulation of the release machinery suggests that more than one process may be involved in this type of presynaptic mechanism. The separation and isolation of individual mechanisms at the physiological level are urgently needed for further investigation of their molecular counterparts.
The excitatory junction of the crayfish claw opener has been used as a model system to study both activity-dependent and modulator-mediated synaptic plasticity. It has been demonstrated that this junction exhibits both short-and long-term activitydependent plasticity (Bittner, 1989; Dixon and Atwood, 1989a) . The crayfish excitor also has been used for in-depth investigation of modulator-mediated synaptic enhancement (Fischer and Florey, 1983; Dixon and Atwood, 1985; Swain et al., 1991) . Specific second messenger pathways underlying the effects of serotonin have been identified (Dixon and Atwood, 1989b,c) . Furthermore, it has been shown that serotonin increases transmitter output without increasing presynaptic calcium influx or the resting calcium level (Delaney et al., 1991) . Therefore, there appear to be both calcium-driven and calcium-independent processes that can enhance transmitter output. To dissect the various presynaptic mechanisms, one usually relies on binomial analysis (Zucker, 1973; Mclachlan, 1978) , pharmacological manipulations that reveal presynaptic release probability (Hessler et al., 1993; Rosenmund et al., 1993) , or the use of controlled presynaptic pulses (Hochner et al., 1986a,b; Klein, 1994) . This last approach simplifies the analysis of presynaptic plasticity by controlling for the class of mechanism mediated by potassium channel modulation. We have implemented a presynaptic voltage control method (Vyshedskiy and Lin, 1997a) at the inhibitory junction of the crayfish neuromuscular synapse. Using 20 msec presynaptic steps as test pulses, we have revealed that the F2 component of synaptic facilitation was associated with an acceleration in transmitter release kinetics (Vyshedskiy and Lin, 1997c) . [F1 and F2 components of synaptic facilitation at the crayfish inhibitor are characterized by their decay time constants of 19 and 520 msec, respectively (Vyshedskiy and Lin, 1997b) ]. In addition, the total amount of transmitter release (total release) was not changed during F2 facilitation. If one assumes that release kinetics and total release represent two separate mechanisms, the facilitation process would be presumed to use only one of them. To explore this possibility f urther, we believed it was essential to show that both parameters could be modulated. In this report we show that 5-HT and OA enhance transmitter release at the inhibitor not by modulating calcium influx but by simultaneously accelerating transmitter release kinetics and increasing the total amount of transmitter release.
MATERIALS AND METHODS
Animals and preparations. Crayfish, Procambarus clark ii, were obtained from C arolina Biological (Burlington, NC). Animals were maintained at 23°C until use. E xperiments using the voltage control method as well as ratiometric calcium measurements were performed at 15°C (Vyshedskiy and Lin, 1997a) . E xperiments performed at room temperature (23°C) are specified in the figure legends. The typical size of the animals was ϳ3.8 cm, head to tail. The opener muscle of the first walking leg was used for all experiments. Details of the experimental setup have been described before (Vyshedskiy and Lin, 1997a) . Briefly, a presynaptic voltage electrode penetrated a secondary axon near a branch point where a tertiary branch emerged. A presynaptic current electrode penetrated the main branch point of the inhibitor. The distance between the two presynaptic electrodes was between 100 and 150 m. A two-electrode voltage clamp amplifier (GeneC lamp 500, Axon Instruments, Foster C ity, CA) was used to control presynaptic potential. T wo postsynaptic electrodes penetrated a muscle fiber near the presynaptic voltage electrode. One electrode was used to inject current, and the second electrode recorded membrane potential. This arrangement allowed us to monitor chloride equilibrium potential (E C l ), input resistance (R m ), and the time constant ( m ) of the muscle fiber under study.
E xperiments involving action potentials were conducted in a control saline (in mM): 195 NaC l, 5.4 KC l, 13.5 C aC l 2 , 2.6 MgC l 2 , and 10 sodium Na-H EPES, pH 7.4. In voltage control experiments the control saline was replaced by experimental solution (in mM): 155 NaC l, 40 tetraethylammonium (TEA) chloride, 5.4 KC l, 10 C aC l 2 , 6.1 MgC l 2 , 10 Na-H EPES, and 1 4-aminopyridine plus 300 nM tetrodotoxin, pH 7.4. All chemicals were purchased from Sigma (St. L ouis, MO), except OA, which was ordered from Research Biochemicals (Natick, M A). Morphological examination of the terminal branches that innervated the recorded muscle fiber was performed after each experiment, by sketching or photography (Vyshedskiy and Lin, 1997a) .
Modulator applications. The concentration of 5-HT used in all experiments was 100 -200 nM. Previous studies of excitatory junctions have used higher concentrations, from 1 to ϳ10 M (Dixon and Atwood, 1985) . This was not practical for us because the inf usion of high-level 5-HT induced muscle contraction in the presence of K ϩ channel blockers. The introduction of 5-HT was achieved by increasing the perf usion rate for 3-5 min to allow an exchange of five recording chamber volumes, ϳ20 ml. Then the perf usion rate was returned to the control level. This procedure created a transient increase in temperature, which returned to its control value within 5 min after the perf usion rate was reduced to control level, 1 ml /min.
The effects of okadaic acid were studied in the absence of perf usion. Stock solution, 300 l of 30 M OA (okadaic acid ammonium) in experimental solution, was added to the recording chamber, ϳ3.6 ml, to yield a final concentration of 2.5 M. Control data were collected for 40 min, in the absence of perf usion, before OA application. Stopping the perf usion did not affect transmitter release for as long as 2 hr (see Fig.  1 B 2 , for example).
Iontophoretic application of GA BA. The effects of 5-HT and OA on postsynaptic GABA receptors were investigated by iontophoretically applied GABA. The GABA-delivering pipette had a resistance of 30 M⍀, with 1 M GABA titrated to pH 4 with HC l. GABA was delivered iontophoretically by current pulses of ϳ1 A and 5-20 msec. L ong-term stability of GABA ejection was best achieved by using (1) sharp GABA electrodes with a short shank and (2) a retention current of 5 nA to decrease the leakage of GABA. The placement of the GABA pipette, however, depended on experimental conditions. In the study of OA the GABA-containing pipette was placed as close to a "hot spot" on the muscle fiber as possible. The pipette touched the muscle fiber, and the extent to which GABA was diluted at the pipette tip appeared to be minimal.
With the GABA pipette positioned on a hot spot, application of 5-HT invariably led to a decrease in amplitude, and an increase in rise time, of the GABA-evoked response. These changes, with the concurrent instability of muscle membrane potential, suggest that the introduction of 5-HT triggered a small muscle contraction (n ϭ 8). It has been shown that a small displacement, in the range of 5 m, between the GABA pipette and a "hot spot" may lead to a 50% decrease in GABA-evoked responses (Takeuchi and Takeuchi, 1965) . To minimize the impact of small movements on the GABA-activated potential change, we positioned the GABA-containing electrode at some distance from the muscle surface, ϳ10 m. In this configuration the GABA-evoked response slowly decreased over time (see Fig. 2 A 1 ), presumably because of the continuous dilution of the GABA solution at the tip of electrode. The statistical analysis of experiments involving 5-HT application was performed after the slow decline was corrected for by linear extrapolation.
Presynaptic calcium imag ing. C alcium concentration in presynaptic terminals was measured as previously described (Delaney et al., 1989 ). An Olympus Quartz 60ϫ, 0.8 numerical aperture water immersion objective and a cooled CCD camera (Photometrics CH250) were used to image the fluorescence from individual terminals. Presynaptic axons were filled with f ura-2 by iontophoresis to a concentration of Ͻ200 M. Selective stimulation of the inhibitor axon at a frequency of 8 -10 Hz for 30 sec was used to elevate [C a 2ϩ ] i to a plateau level to assess the effect of 5-HT or OA on action potential-mediated calcium influx. The change in [C a 2ϩ ] i was calculated as the difference between pretetanus [C a 2ϩ ] i and the [C a 2ϩ ] i at the end of each tetanus after [C a 2ϩ ] i reached a plateau (Tank et al., 1995) . The change in [C a 2ϩ ] i during exposure to 5-HT or OA, 30 -45 min after the modulators were applied, was compared with the average of three control trains delivered before the application of modulators. To ensure that the modulators were accessing the terminals and having an effect on synaptic transmission, we monitored in several experiments the I PSPs from proximal muscle fibers simultaneously with calcium-imaging measurements. The modulators were always effective when we checked the enhancement of transmitter release in calcium-imaging experiments.
Data anal ysis. The application of the voltage control method is valid only if the space constant of the inhibitor is not affected by 5-HT and OA. It was shown previously that the quality of spatial control correlates well with the shape of the depolarization -release (D -R) coupling plot of I PSPs activated by 5 msec presynaptic pulses (Vyshedskiy and Lin, 1997a) . In a spatially well controlled terminal, suppression of the I PSP can be achieved when the presynaptic terminal is depolarized beyond 0 mV. To examine the possible effects of 5-HT and OA on the presynaptic space constant, we compared the maximal point of the D -R coupling plot before and after the modulators were applied. The maximal point occurred at Ϫ5.0 Ϯ 5.0 and at Ϫ1.0 Ϯ 1.4 mV, respectively, before and after 5-HT application (n ϭ 4). The control and experimental maximal points in OA experiments were 4.4 Ϯ 6.5 and 6.4 Ϯ 5.7 mV (n ϭ 5), respectively. The small differences in the maximal points were not statistically significant. In addition, the modulators did not alter the shape of the D -R coupling curves, f urther suggesting that the presynaptic space clamp characteristics remained unchanged.
The use of chloride-containing electrodes in postsynaptic recordings increased the intramuscular chloride concentration, which resulted in depolarizing I PSP. Signal-to-noise ratio considerations prohibited us from performing simultaneous pre-and postsynaptic voltage clamp. To take into account the nonlinear summation of I PSP, we routinely used the two postsynaptic electrodes to measure E C l , R m , and m of the muscle fiber under investigation. The chloride driving force (⌬E C l ), which is defined as the difference between resting membrane potential and E C l , and the values of R m and m allowed us to reconstruct inhibitory postsynaptic conductance (I PSG) from I PSP (Vyshedskiy and Lin, 1997a) . The validity of this conversion has been verified previously by comparing the time course of an I PSC calculated from I PSG with that of an I PSC measured with the use of two-electrode voltage clamp. ⌬E C l , R m , and m of individual experiments are listed in the figure legends. All of the statistical data shown in this report are presented in the form of mean Ϯ SD, with sample size (n) that represents the number of preparations. Student's t test was used in all statistical analyses.
RESULTS

5-HT and OA enhance inhibitory synapses of the crayfish opener muscle
In the absence of previously published data, we first investigated the effects of 5-HT and OA on the crayfish inhibitor. Action potential-activated I PSPs were compared before and after the modulators were introduced. To control for factors that may affect I PSP amplitude, such as drifting E C l or nonlinear summation of I PSP amplitudes, we converted I PSP peak amplitudes to IPSG for quantitative analysis. Figure 1 A 1 shows that 100 nM 5-HT initially increases I PSG amplitude to 340% of control level. The enhancement then slowly decays to 250%. The inset shows averaged I PSPs obtained in control saline (dashed line) and at 40 -60 min after 5-HT application (solid line). The time course of IPSG enhancement averaged from 12 preparations is shown in Figure 1 B 1 . There was a large variation in the magnitude of initial enhancement. The maximal level, measured within 20 min of 5-HT application, ranged from 210 to 892%. The enhancement then settled into a phase of slow decline for the next hour. Data collected between 40 and 60 min after 5-HT application were considered to be in a steady state. The average value of the steady-state enhancement was 304 Ϯ 88%. Figure 1 A 2 shows that 2.5 M OA induced an increase in IPSG that rose gradually and reached a plateau. The inset shows averaged I PSP recorded in control saline (dashed line) and at 40 -60 min after OA application (solid line). The time course and amplitude of transmitter release enhancement mediated by OA were very similar to those observed at the crayfish excitor (Swain et al., 1991) . Averaged results from five preparations are shown in Figure 1 B 2 (E), in which the steady-state level of OA-induced enhancement was 412 Ϯ 65% of control level. The strength of synaptic transmission remained unchanged in control experiments (⌬) in which perf usion was stopped but no OA was introduced (n ϭ 5). The enhancement of transmitter release mediated by both modulators remained stable throughout the period of investigation. In the remaining part of this report we focus on the effects of 5-HT and OA during the steady state.
5-HT and OA-mediated synaptic enhancement is not attributable to an increase in GABA receptor sensitivity
Although previous studies have established that 5-HT and OA enhance transmitter release by presynaptic mechanisms at the excitor (Fischer and Florey, 1983; Swain et al., 1991) , no such evidence is available for the inhibitor. Because of the small driving force for IPSPs, it is not possible to evaluate the postsynaptic effects of these modulators by miniature IPSPs. We therefore examined this issue by investigating the GABA-mediated conductance change ( g GABA ) activated by iontophoretically applied GABA. Figure 2 , A 1 and A 2 , shows that neither 5-HT nor OA affected GABA-activated conductance, although action potential-activated IPSGs were enhanced by the modulators (Fig.  2 B 1 , B 2 ). Traces in the insets illustrate the membrane potential changes activated by iontophoretically applied GABA before (dashed line) and after (solid line) the modulators were applied. These experiments were repeated in five preparations for each modulator in which g GABA measured 1 hr after applying 5-HT and OA was 95 Ϯ 5 and 95 Ϯ 9% of control levels, respectively. (The statistical analysis of the 5-HT effect was performed after the declining trend had been corrected for by linear extrapolation; see Materials and Methods).
5-HT and OA-mediated synaptic enhancement is not attributed to increased presynaptic calcium influx
To understand the mechanisms underlying 5-HT and OAactivated synaptic enhancement in the inhibitor, we examined the effects of these modulators on resting and action potentialactivated [Ca 2ϩ ] i . A previous study has demonstrated that 5-HT does not enhance transmitter output by increasing [Ca 2ϩ ] i in the excitor (Delaney et al., 1991) . Experiments performed in the inhibitor are shown here. The example shown in Figure 3A 1 indicates that the level of resting and action potential-activated [Ca 2ϩ ] i was not increased by 200 nM 5-HT. In three preparations the resting [C a 2ϩ ] i level changed Ͻ50 nM during the first 30 min after 5-HT addition. Small changes like these cannot be resolved confidently by f ura-2 imaging over the time scale studied here (Delaney et al., 1989; Tank et al., 1995) . Although exposure to 1-2 M 5-HT has been reported to reduce slightly the accumulation of [Ca 2ϩ ] i during repetitive stimulation in the excitor (Delaney et al., 1991) , application of 200 nM 5-HT to the inhibitor, in three preparations, changed the action potential-activated [Ca 2ϩ ] i increase by 2.1 Ϯ 3.9%, which is not statistically different from zero. The resting level of [C a 2ϩ ] i also was not affected consistently by 2.5 M OA, whereas action potential-activated [C a 2ϩ ] i was decreased slightly. Figure 3B is an example of a typical experiment in which a slight downward shift in resting [C a 2ϩ ] i was seen before the addition of OA, and this trend was not affected by the addition or washout of OA. In six preparations a small but significant decrease, 10.7 Ϯ 5.6%, in the accumulation of [Ca 2ϩ ] i during trains of action potentials was observed between 30 and 60 min after the addition of OA. The small decrease in action potential-elevated [C a 2ϩ ] i can be attributed to a slight narrowing of presynaptic action potential duration (data not shown; see also Swain et al., 1991) . Therefore, 5-HT and OA do not mediate synaptic enhancement by increasing presynaptic calcium influx.
5-HT and OA enhance synaptic transmission by accelerating release kinetics and increasing the total release
Because 5-HT and OA enhance synaptic transmission without altering the sensitivity of postsynaptic GABA receptors or increasing presynaptic calcium influx, it was possible that these modulators enhanced transmitter output by regulating the release machinery directly. To investigate this possibility, we used the voltage control method to examine the effects of these modulators on the kinetics of transmitter release and total release mediated by 20 msec presynaptic steps. Figure 4 , A 1 and A 2 , shows examples of pre-(lower traces) and postsynaptic (upper traces) recordings obtained before (dashed line) and after (solid line) the modulators were applied. The waveforms of presynaptic voltage steps were not altered by the modulators. However, transmitter release was enhanced, as indicated by the larger IPSP amplitudes. In a total of 14 experiments, seven for 5-HT and seven for OA, the shapes of presynaptic voltage steps recorded before and after applying the modulators were superimposable.
To analyze transmitter release quantitatively, we converted IPSPs into IPSG (Vyshedskiy and Lin, 1997a,c) . Figure 4 , B 1 and B 2 , illustrates IPSGs converted from IPSPs shown in Figure 4 , A 1 and A 2 . Transmitter release kinetics was characterized as the time when IPSG reaches half-maximum (IPSG 50 ) (Fig. 4 B 1 , E) . Both Figure 2 . 5-HT and OA have no effect on GABA receptors of muscle fibers. A, 5-HT (A 1 ) and OA (A 2 ) do not change g GABA . g GABA amplitudes were calculated from membrane potential changes in a muscle fiber activated by iontophoretically applied GABA. Insets, GABA-activated membrane potential changes before (1 and dashed line) and after (2 and solid line) modulator application. The traces represent the averages of 38 trials. B, IPSGs calculated from action potential-activated IPSPs in the same muscle fibers. Both 5-HT (B 1 ) and OA (B 2 ) increase the I PSG amplitude. ⌬E Cl and R m measured before and after 5-HT application were 7.5 mV, 0.21 M⍀ and 7.5 mV, 0.21 M⍀, respectively. The same parameters measured before and after OA application were 8.8 mV, 0.29 M⍀ and 9 mV, 0.3 M⍀, respectively. All experiments were performed at 23°C. 5-HT and OA decreased I PSG 50 . This effect is best visualized by scaling control I PSG to the height of enhanced I PSG (Fig.  4 B 1 , B 2 , dotted line) . The effect of the modulators on I PSG 50 over time are plotted in Figure 4 , C 1 and C 2 , where I PSG 50 was reduced by 22% (2.2 msec) in 100 nM 5-HT and by 37% (3.9 msec) in 2.5 M OA. On average, 5-HT accelerated the release kinetics by 27 Ϯ 10% (3.0 Ϯ 1.4 msec) of control I PSG 50 (n ϭ 6). OA decreased I PSG 50 by 36 Ϯ 12% (3.6 Ϯ 1.1 msec) of control value (n ϭ 7). Finally, as in our analysis of F2 facilitation (Vyshedskiy and Lin, 1997c), we were not able to demonstrate conclusively a change in minimal synaptic delay during 5-HT and OA-mediated synaptic enhancement.
The area of I PSG (I PSG area ) reflects the transmitter content of the early component of continuous transmitter release (Vyshedskiy and Lin, 1997c). The early component was defined as an initial transient component of transmitter release, with a duration of ϳ15 msec, which is followed by a steady-state, or late, component that persists for several seconds. Both 5-HT and OA increased IPSG area . The time course of the change in IPSG area after each of the modulators was applied is illustrated in Figure 4 , D 1 and D 2 . On average, 5-HT increased IPSG area by 50 Ϯ 21% (n ϭ 6) and OA increased IPSG area by 37 Ϯ 6% (n ϭ 7). This observation markedly differs from the activity-induced F2 facilitation, which does not change IPSG area (Vyshedskiy and Lin, 1997c) (also see below). [There was an apparent difference in the time course of IPSG 50 (Fig. 4C 1 ) and IPSG area (Fig. 4 D 1 ) after 
Interaction between F2 facilitation and modulatormediated synaptic enhancement
To investigate whether the accelerated release kinetics could be a mechanism shared by modulator-mediated synaptic enhancement and activity-dependent plasticity, we investigated the interaction between these two types of synaptic enhancement. The magnitude of F2 facilitation was compared before and after the modulators were introduced. F2 facilitation was activated by a burst of eight subthreshold conditioning pulses, a conditioning stimulus known to activate a near-maximal level of facilitation without triggering significant transmitter release (Vyshedskiy and Lin, 1997b) . The magnitude of F2 facilitation, measured 150 msec after the conditioning stimulus, was quantitated by measuring the difference between control and facilitated I PSG 50 (⌬I PSG 50 or release shift). This difference has been shown to be related linearly to the magnitude of F2 facilitation estimated from IPSG amplitudes (Vyshedskiy and Lin, 1997c) . (To avoid confusion, we have referred to the increase in synaptic strength associated with F2 facilitation as facilitation, whereas we have referred to the increase mediated by the modulators as enhancement.) Figure 5 , A 1 and A 2 , illustrates the effects of 5-HT and OA on control (E) and facilitated (F) I PSG 50 . As in the example shown in Figure 4 , 5-HT and OA decreased control I PSG 50 . IPSG 50 measured from facilitated responses also was reduced by 5-HT and OA. ⌬I PSG 50 , which reflects the magnitude of F2 facilitation, was reduced significantly by the modulators (Fig. 5B 1 , B 2 ). On average, 5-HT decreased the release shift by 39 Ϯ 10% (1.5 Ϯ 0.5 msec, n ϭ 6), whereas OA decreased the release shift by 76 Ϯ 12% (2.4 Ϯ 0.8 msec, n ϭ 7). The observation that the release shift was reduced in the presence of modulators suggests that F2 facilitation and the modulators may share a common pathway that leads to accelerated release kinetics.
It has been shown that F2 facilitation does not affect IPSG area (Vyshedskiy and Lin, 1997c) . This observation remains true in the presence of 5-HT and OA. The normalized change in IPSG area is defined as:
where IPSG cnt(area) and IPSG test(area) represent control and facilitated IPSG area , respectively. ⌬IPSG area was 1.3 Ϯ 5.5% (n ϭ 13) in control saline and was Ϫ2.0 Ϯ 5.4% (n ϭ 6) and 4.1 Ϯ 5.2% (n ϭ 7) in 5-HT and OA, respectively. None of these values is statistically different from zero. Therefore, the presence of modulators does not change one of the main characteristics of F2 facilitation, i.e., IPSG area remains constant.
DISCUSSION
We have demonstrated that 5-HT and OA enhance transmitter output by presynaptic mechanisms that do not involve an increase in the level of resting or action potential-activated [Ca 2ϩ ] i . These modulators enhance transmitter output by accelerating release kinetics and by increasing the total amount of transmitter release. Together with the finding that the release kinetics can be modulated without changing the amount of total release by F2 facilitation, the results reported here provide strong support for the hypothesis that there exist at least two separate mechanisms for enhanced transmitter release that are independent of calcium influx or resting [Ca 2ϩ ] i . Furthermore, the presynaptic voltage control method allows us to monitor directly the two mechanisms physiologically.
Additional support for the above-mentioned hypothesis can be derived from the results of the interaction between the two modulators and F2 facilitation. Plots in Figure 5A show that, during the steady state, 5-HT was not able to decrease IPSG 50 to the level mediated by F2 facilitation, whereas OA decreased IPSG 50 beyond that level (dotted lines in Fig. 5A 1 , A 2 ). This was a consistent observation, n ϭ 6 for 5-HT and n ϭ 6 for OA. Although one could attribute this difference to the relatively low concentration of 5-HT used in this report, concurrent comparison of the effects of the two modulators on IPSG area suggests that this interpretation is too simplistic. Specifically, despite the effectiveness of OA in accelerating release kinetics, its ability to increase IPSG area is lower than that of 5-HT (see Fig. 4 D) . Therefore, OA Figure 5 . Interaction between synaptic enhancement mediated by F2 facilitation and modulators. A, I PSG 50 measured from both control (E) and facilitated (F) IPSGs is decreased by 100 nM 5-HT (A 1 ) and 2.5 M OA (A 2 ). The dotted lines are used to highlight the fact that 5-HT did not decrease IPSG 50 beyond the level achieved by F2 facilitation, whereas OA was able to reduce I PSG 50 beyond that level. B, The effect of F2 facilitation is quantified by calculating the difference between control and facilitated I PSG 50 (⌬IPSG 50 ). Both 5-HT (B 1 ) and OA (B 2 ) decrease ⌬IPSG 50 . The averaged percentage change in ⌬IPSG 50 is shown also, with SD (see Results). Membrane characteristics of the muscle fiber used in the 5-HT experiment were 10.4 mV, 0.89 M⍀, 13.5 msec and 10.4 mV, 0.88 M⍀, 13.3 msec. The same parameters measured from the OA experiment were 6.6 mV, 0.38 M⍀, 9.0 msec and 6.8 mV, 0.39 M⍀, 9.3 msec.
is more effective in accelerating kinetics than 5-HT, whereas the ability of OA to increase I PSG area is weaker than that of 5-HT at 100 nM. This observation provides f urther support for the hypothesis that transmitter release kinetics and total release represent two separate mechanisms that can be modulated separately or differentially.
Because the modulators and F2 facilitation appear to share a common mechanism underlying the accelerated release kinetics, one would expect the magnitude of F2 facilitation to be reduced in 5-HT and OA. This prediction is consistent with the finding that 5 M OA effectively reduces facilitation (Swain et al., 1991) . It has been shown that 5-HT reduces the magnitude of facilitation at 25 M but has no effect at 25 nM (Fischer and Florey, 1983) . Our results suggest a clear interaction between 100 nM 5-HT and F2 facilitation. Our results and those of Fischer and Florey (1983) are consistent if one assumes that release kinetics is modulated by 5-HT in a concentration-dependent manner.
Despite rigorous pursuit it had not been possible previously to demonstrate changes in release kinetics, during facilitation, with transmitter release activated by action potentials or brief presynaptic depolarization (Datyner and Gage, 1980; Parnas et al., 1989) . The presynaptic voltage control method is able to provide a clear demonstration of changes in release kinetics. The success of this method can be explained by comparing action potentialbased studies and studies using the presynaptic control method (Fig. 6 A) . The increase in transmitter release could be attributable to an increase in the total amount of transmitter content (dashed line and V1) and /or attributable to an acceleration in release kinetics without changing transmitter content (widespaced dotted line and ␣1). The differentiation between the two mechanisms is obvious when the duration of presynaptic depolarization is 20 msec (Fig. 6 A, lower trace, solid line) . In contrast, an action potential with a duration of 2.5 msec only allows for a narrow window of observation (Fig. 6 A, lower trace, dashed line and double arrows). With such a short period of observation, the only significant change in the postsynaptic response is in its amplitude. Kinetic changes would be difficult to resolve unless there was a clear shift in synaptic delay. Therefore, prolonged presynaptic depolarization provides a simple way to visualize directly certain mechanisms underlying the increase in transmitter output.
Mechanisms of 5-HT and OA effects
Second messenger pathways involved in 5-HT-mediated synaptic enhancement have been studied in detail at the crayfish excitor. A brief application of 5-HT evoked two distinct components of synaptic enhancement, a transient and a persistent component (Dixon and Atwood, 1985) . It was suggested that the early and transient component is mediated by the IP 3 /protein kinase C pathway, whereas the late and persistent component is mediated by the protein kinase A pathway (Dixon and Atwood, 1989b,c) . Assuming that the actions of 5-HT on the inhibitor are identical to those on the excitor, it is reasonable to suggest that both the release kinetics and total release can be modulated by protein phosphorylation. As a result, the qualitative similarities between the effects of 5-HT and OA are not surprising, because OA also can enhance protein phosphorylation by retarding the dephosphorylation process (Bialojan and Takai, 1988; Cohen et al., 1990) . A summary of the effects of these two modulators is illustrated in the form of a block diagram in Figure 6 B. Possible Transmitter release can be increased by accelerating release kinetics (wide-spaced dotted line and ␣1) and /or by increasing the total number of vesicles released without altering release kinetics (dashed line and V1). A brief presynaptic depolarization with a duration of 2.5 msec (lower trace, dashed line) allows one to observe only the beginning of transmitter release and therefore does not provide sufficient resolution to observe the mechanisms underlying release (double arrows). Inset, The transmitter release process is modeled according to a simple reaction in which V represents the concentration of available vesicles and R represents release; the secretion step has a forward reaction rate of ␣, which is modulated by calcium ions. B, Block diagram illustrating different mechanisms that could increase transmitter output and the relationship between activity-dependent and modulator-mediated synaptic enhancement. 5-HT and OA are both able to increase protein phosphorylation. Physiological effects of protein phosphorylation include an acceleration in release kinetics and an increase in total release. Both mechanisms result in an increase in action potential-activated release. targets of the phosphorylation process under our experimental conditions remain undefined. Effects of protein phosphorylation on the transmitter secretion process also have been implicated in the sensory -motor synapses of Apl ysia (Hochner et al., 1986a; Byrne and Kandel, 1996) , the squid giant synapse (Lin et al., 1990; L linás et al., 1991) , and transgenic mice (Rosahl et al., 1995) .
Acceleration in release kinetics
Kinetic description of the transmitter secretion process traditionally has been modeled as a chemical reaction in which free calcium ions act as a catalyst (Fig. 6 A, inset) . To increase transmitter release ( R), one could (1) increase [C a 2ϩ ] i , (2) increase the concentration of available vesicles ( V ), or (3) increase the forward reaction rate (␣). Our results suggest that 5-HT and OA do not increase [C a 2ϩ ] i . The two physiological parameters analyzed here, release kinetics and total release, are conceptually equivalent to the forward reaction rate and the concentration of available vesicles, respectively.
It would be too simplistic to take the acceleration in release kinetics literally and to try to construct a quantitative model by increasing the forward reaction rate. Here, we discuss the accelerated release conceptually in the context of two observations. First, there is no detectable change in minimal synaptic delay during F2 facilitation (Vyshedskiy and Lin, 1997c) or modulatormediated synaptic enhancement. Second, there is a decrease in apparent calcium cooperativity during F2 facilitation (Stanley, 1986; Vyshedskiy and Lin, 1997b) . We propose that the accelerated release is attributable to a redistribution in the states of synaptic vesicles. Specifically, available vesicles are assumed to be in various states of readiness for release. Highly ready vesicles will be released first and less ready vesicles will be released later (Fig.  6 A, upper trace, solid line) , if calcium influx continues during a 20 msec presynaptic depolarization (Fig. 6 A, lower trace, solid line) . Both the facilitation process and modulators increase the fraction of vesicles that are in a highly ready state. If the minimal synaptic delay is determined by the presence of vesicles in the highly ready state, an increase in the fraction of these vesicles should not change the detection of the minimal delay.
The precise definition of the vesicular states remains a matter of speculation. For example, different vesicular states may correspond to various stages of assembly of the docking complex that includes, but is not limited to, synaptobrevin, syntaxin, SNAP-25, synaptotagmin, and calcium channels (for review, see Sollner and Rothman, 1996) . Alternatively, different vesicular states may correspond to various levels of phosphorylation of the docking complex proteins (Fujita et al., 1996; Hirling and Scheller, 1996; Shimazaki et al., 1996; Yokoyama et al., 1997) . The physiological significance of these biochemically defined states is not completely understood. An alternative definition of various states of readiness could be made at a physiological level. Specifically, they may reflect the state of calcium binding sites associated with the secretion machinery. It has been proposed that facilitation is attributable to the filling of high-affinity calcium binding sites of the secretion machinery (Stanley, 1986; Yamada and Zucker, 1992; Winslow et al., 1994; Bertram et al., 1996) . This definition theoretically could generate a detectable change in release kinetics during prolonged release and represents a direct modulation of elevated [C a 2ϩ ] i on vesicular states (Fig. 6 B, dashed arrow) . In addition, this model fits well with the finding that calcium cooperativity is decreased during facilitation. Therefore, known kinetic properties of F2 facilitation are well accounted for by this model.
However, this line of logic cannot explain the finding that the modulators and F2 facilitation share the same pathway leading to an acceleration in release kinetics. How can 5-HT and OA accelerate release kinetics by filling the high-affinity calcium binding sites when neither of the modulators increases [Ca 2ϩ ] i ? One way to resolve this controversy would be to assume that protein phosphorylation may "activate" one of the calcium binding sites such that the calcium binding of that site would not be necessary for secretion. (Alternatively, the affinity of the calcium binding sites could be increased by phosphorylation such that some of the sites would be occupied at the resting level of [Ca 2ϩ ] i .) Supporting evidence for this hypothesis comes from the Drosophila dnc mutant in which the cellular cAMP-dependent phosphorylation level is elevated (Byers et al., 1981) . The calcium cooperativity of transmitter release in this mutant is 3, rather than 4 as observed in wild-type animals, which suggests the possibility that protein phosphorylation could modulate calcium cooperativity (Zhong and Wu, 1991) . However, there is also evidence indicating no change in calcium cooperativity in 5-HT (Glusman and Kravitz, 1982) . The second way to resolve this controversy would be to propose that F2 facilitation also passes through protein phosphorylation ( Fig. 6 B, dotted arrow) . Because it is well documented that elevated intracellular free calcium is the main driving element for synaptic facilitation, it is conceivable that calcium/calmodulindependent protein kinase pathways could underlie synaptic facilitation. Pharmacological studies, however, have failed to substantiate a role for the CAM kinase II pathway in F2 facilitation in the inhibitor. [We have tested calmidasolium (up to 50 M), n ϭ 2; KN-62 (up to 100 M), n ϭ 3; KN-93 (up to 50 M), n ϭ 2; and K-252a (up to 5 M), n ϭ 2. None of the drugs significantly altered F2 facilitation. See also Kamiya and Zucker (1994) for experiments in the excitor.] Therefore, further study is needed to understand molecular mechanisms for the modulator-mediated acceleration in release kinetics.
Regulation of total release
Results reported here demonstrate that 5-HT and OA are able to increase the total amount of transmitter release mediated by a 20 msec pulse. A 20 msec step depolarized to 0 mV releases up to 90% of the transmitter content of an early component of continuous transmitter release (Vyshedskiy and Lin, 1997c) . The specific mechanism that underlies this early component is unknown. An obvious possibility is that this component reflects a pool of available vesicles, which includes vesicles in various states of readiness. The modulation of the size of this pool by 5-HT and OA then could be considered in terms of vesicular mobilization resulting in a larger number of available vesicles. Because of our limited understanding in the dynamics of vesicular mobilization during continuous transmitter release, it is difficult to discuss the concept of available vesicles in more specific terms.
Factors other than a vesicular pool with vesicles in various states of readiness also can shape the transmitter release time course and create an "apparent" available pool. For example, inactivation of calcium current (Wright et al., 1996a,b) , adaptation of the release process , calcium sequestration during the 20 msec pulse (Herrington et al., 1996) , or a combination of GABA receptor desensitization and increased GABA reuptake during the 20 msec pulse may all create a transient component during continuous release. Because 5-HT and OA increase neither the resting nor the action potential-
